The volume of individual droplets on the wire were measured by photographic methods and correlated with the viscosity, density and surface tension of the liquid, and with system parameters such as electrode rotation rate and wire diameter. The local electric field in the absence of liquid entrainment was modeled using conventional electrostatics, and jet initiation was found to occur consistently at the angular position where the electric field exceeds a critical value of 34 kV/cm, regardless of rotation rate. Two operating regimes were identified. The first is an entrainment-limited regime, in which all of the entrained liquid is jetted from the wire electrode. The second regime is field-limited, in which the residence time of the wire electrode in an electric field in excess of the critical value is too short to deplete the fluid on the wire. The productivity of the system was measured and compared to the theoretical values of liquid entrainment. As expected, highest productivity occurred at high applied potentials and high rotation rates.
Introduction
Electrostatic fiber formation, or "electrospinning" has attracted much attention over the past decade as an effective technique for producing submicron fibers and nonwoven mats with remarkable properties. However, one of the perceived drawbacks of the method for industrial purposes is its low production rate. A typical production rate from a single spinneret is 0.1 -1 g of fiber per hour, depending on the solution properties and operating parameters; in general, the smallest fibers are fabricated by reducing the solids content of the spin dope or by reducing the flow rate to the spinneret, both of which lead to lower productivity [1] . Several attempts have been made to use an array of spinnerets to increase productivity [2, 3] . These studies are typically characterized by careful attention to the spacing and geometric arrangement of the spinnerets and/or the use of auxiliary electrodes to modify the inter-jet electrical field interactions. For a typical spacing of 1 to 3 nozzles per cm 2 , a production rate of 1 kg/hr can be realized, in principle, with a multi-nozzle design on the order of 1 square meter in area.
However, these configurations often lead to non-uniform electric fields, resulting in discontinuous operation and poor quality non-woven mats [4] [5] [6] [7] [8] . Operational and quality control issues such as nozzle clogging and spatial variation of the jets from nozzle to nozzle are often cited as problems encountered by these approaches.
A remarkable feature of the electrospinning process is that jets can be launched, in principle, from any liquid surface [9] . Thus, a variety of configurations have been reported that produce jets from free liquid surfaces, without the use of a spinneret. These include the use of a magnetic liquid in which "spikes" can be formed to concentrate field lines at points on a liquid surface [10] , liquid-filled trenches [9] , wetted spheres [11] , cylinders [12] [13] [14] and disks [14] , conical wires [15, 16] , rotating beaded wires [17] and gas bubbles rising through the liquid Accepted for publication in Chemical Engineering Journal, Dec 2011 surface [18, 19] . In the case involving the use of a magnetic liquid, a jet density as high as 26 jets/cm 2 was reported [10] . Such methods have several potential benefits, including simplicity of design, robustness against clogging of a spinneret, and increased productivity though the simultaneous operation of numerous jets. All of these methods share the feature that liquid jets are launched from a free liquid surface, often with the aid of a device or disturbance that introduces curvature to the liquid interface. We refer to these processes collectively as "free surface electrospinning," although some have been previously described as "needleless electrospinning" [9] [10] [11] [12] [13] [14] [15] [16] , or "bubble electrospinning" [18, 19] , for example.
In this report, we analyze the particular case of free surface electrospinning from a thin wire electrode. In this process, a metal wire electrode is swept through an electrified liquid bath in a direction perpendicular to its own axis. Upon exiting the bath through the liquid/air interface, liquid is entrained, resulting in a coating of liquid on the wire. Such coatings are generally unstable and undergo a Plateau-Rayleigh instability, resulting in de-wetting of the liquid film on the wire and the formation of separated droplets of charged liquid on the metal wire; the formation of droplets provides the local curvature desired to facilitate jetting. Given a sufficiently high electric field, the charged liquid drop deforms into a Taylor-like cone and emits a jet. By mounting several wires on a rotating spindle, the processes of immersion, entrainment, de-wetting and jetting can be performed repeatedly in a simple manner. Variations of this basic design have been developed and sold commercially by Elmarco Co. (Elmarco, Libarec, CZ).
Here we examine how the liquid properties (i.e. surface tension, viscosity, density and concentration) and the operating parameters of applied electric potential and spindle rotation rate (or wire velocity) affect the productivity of the process, in terms of the sequential steps of entrainment, de-wetting, and jetting.
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Background
The processes of liquid entrainment on an object as it passes through an interface between two liquids, the breakup of an annular liquid film on a cylinder, and the formation of jets by electrostatic forces are problems that have received more or less attention over the years, in other contexts. Here, we review some of the prior work on each of these problems, in preparation for integrating them into a more complete description of free surface electrospinning from a wire electrode.
Liquid Entrainment
As a wire travels through a liquid-air interface, the liquid experiences forces due to gravity, surface tension, viscosity and inertia. These forces determine the amount of the liquid entrained on the wire. The forces on the liquid deform the surface (liquid-air interface) such that it first coats the upper hemisphere of the wire. As the wire begins to travel away from the original surface, gravitational forces cause liquid from the upper hemisphere to drain back toward the liquid bath, leading to the development of a thinning film behind the wire, while capillary and viscous forces resist such drainage [20] . This sequence of events is illustrated in To the best of our knowledge, analysis of a cylinder oriented with its axis parallel to the plane of an interface between two liquids and traveling through the interface has not been reported. However, related geometries have been studied. Spherical particles can be coated by a viscous, dense liquid as they rise under the action of the buoyancy force through the interface with a second, less viscous and less dense liquid [21, 22] . Buoyancy forces have been used to coat particles when particles of a lesser density travel from one liquid to another liquid [23] .
Several studies have investigated the behavior of a gas bubble traveling through an interface, in a process referred to as "coalescence" [24] [25] [26] . Of course, the process of entrainment and draining of a liquid film from a gas bubble as it emerges from a liquid bath is also relevant to those processes described as "bubble electrospinning" [18, 19] .
Geller et al. [24] , Manga and Stone [25] , and Lee et al. [26] each performed simulations of liquid entrainment on a rigid sphere traveling through an interface at low Reynolds number, the rate of growth of infinitesimal periodic disturbances of the annular liquid film [27] [28] [29] .
Droplet breakup on the wire is dominated by the most rapidly growing disturbance, whose wavelength λ =f(a o ,Oh) is a function of the radius, a o , of the free liquid surface on the wire and the Ohnesorge number, Oh = η/(ργr) 0.5 , of the liquid. At low levels of entrainment (a o /r < 2), the most rapidly growing disturbance has only a weak dependence on the Ohnesorge number; under these conditions, one expects to observe 2πa o /λ = 0.69 (the so-called "wavelength parameter") for all liquids, regardless of viscosity.
Droplet Shape
In the absence of an external field, liquid droplets on a wire adopt either a symmetrical, "barrel" shape or a nonsymmetrical, "clamshell" shape, depending on the wettability of the wire material and the mode of wetting [31] . In this work we observed exclusively the characteristic symmetrical droplet type in the absence of an applied electric field, as shown in Fig 2. When the diameter of the cylinder is less than the capillary length, l cap = ! "g ( ) 1/2 , the surface tension force dominates over the gravitational force, and the shape of the droplet is found by minimizing the surface free energy [32] [33] . Following Carroll, we determine both the volume (V d ) and contact angle (θ) for a liquid on a wire from photographic measurements of the diameter of the droplet at its widest point (2h) and the length (l d ) of the droplet, by solving the following set of equations: [31] ( ) 
Here, r is the radius of the wire, Y=y/r and X=x/r are scaled coordinates for the profile of the droplet, H=h/r is the scaled maximum height (radius) of the droplet and L = l d /r is the scaled length of the droplet along the wire. In practice, an initial value for the contact angle θ is assumed and the set of equations in eq. 1(a) is solved iteratively by successive substitution until eq. 1(b) is satisfied. The volume of the droplet is then determined by integrating over the profile of the droplet:
Figure 2. Geometry for determining the profile of symmetrical droplet on a thin cylinder.
Electrospinning
Conventional electrospinning is typically performed with the use of a nozzle or spinneret to supply fluid to a continuously operating jet, and a static or moving plate or drum is used as the ground electrode upon which fibers are collected. The details of the high voltage and ground electrode configuration affect the shape of the electric field that acts to accelerate the charged fluid, resulting in a slender thinning jet. So-called "point-plate" and "parallel plate" configurations are most common; in the former, the field lines are strongly curved in the immediate vicinity of the spinneret, whereas in the latter configuration, the field is essentially uniform between the electrodes. Hohman et al. first presented a general theory for electrohydrodynamics applicable to the charged fluid jet that captured the competition between varicose and "whipping" instabilities. Significantly, for fluids of finite conductivity, a second varicose mode, dubbed the "conductive" mode, was identified [34] [35] [36] . The analysis of Hohman et al. is valid for Newtonian fluids; the theory was subsequently extended to non-Newtonian fluids and nonisothermal conditions by several investigators [37] [38] [39] . The solutions used in electrospinning are described as "leaky dielectrics" -poorly conducting liquids in which a finite ionic charge density can be induced at their interfaces with other fluids, for example in the presence of an electric field. Such surface charges modify the local electric field and result in electrical stresses that differ from those present in perfect conductors or dielectrics. For example, Hohman et al. showed that strong electric fields serve to stabilize the Rayleigh mode while destabilizing the whipping mode. In the current context, it is noteworthy that they identified a threshold electric field for stable jetting in the limit of low flow rate, for an inviscid, perfect conductor: [34] . Subsequently, Fridrikh et al [40] and Helgeson et al [41] developed relations to correlate the "terminal" jet diameter and the experimentally observed jet diameter, respectively, with fluid and operating parameters of the electrospinning jet. Prominent among these parameters is the ion charge density on the surface of the jet, which can be estimated from measurements of the volumetric flow rate of the jet, Q, the electric current, I, and 4 , where K is the conductivity of the polymer solution [43] . All of these works were certainly developed with the conventional Accepted for publication in Chemical Engineering Journal, Dec 2011 spinneret-based configuration in mind, but the physics behind the induction of surface charge in the presence of an electric field and consequent generation of electrical stresses should be roughly transferable to jets emitted from free liquid surfaces as well.
Lukas et al. have modeled the initiation of jetting from the planar free surface of a perfectly conducting liquid as a surface wave instability [9] . This model predicts that a critical electric field strength exists above which electrostatic forces overwhelm capillary forces to make the liquid surface unstable. This critical electric field is given by the following relation:
ε is the permittivity of the ambient gas. Above this critical electrical field, electrospinning jets are predicted to emit spontaneously from a planar liquid surface. Similar to the Plateau-Rayleigh instability for formation of droplets on a wire, the most rapidly growing mode determines the distance between jets. The dimensionless wavelength Λ of the dominant mode is expressed succinctly as a function of the "electrospinning number" Γ:
Where Λ=λ j /l cap and ! = l cap "E 0 2 2# . Here, λ j is the wavelength of the dominant mode and thus the distance between jets emitted from the free liquid surface in this case.
Experimental Method

Experimental Setup
The experimental configuration was constructed as shown in Institute of Health). The center-to-center distance λ between droplets provides a measure of the dominant mode of the Plateau-Rayleigh instability for breakup of the liquid film on the wire into droplets. A MATLAB routine was developed to calculate the shape and volume of a droplet using eq. 1 and eq. 2, to a tolerance of 0.01%. Averages were taken over at least 100 droplets for purposes of determining the droplet volume and center-to-center distance between droplets. The thickness, z, of the equivalent uniform annular liquid film on the wire was calculated as follows:
Electrospinning
To induce electrospinning, the liquid solution in the bath was connected to a high voltage power supply. The wire spindle was not in direct contact to the high voltage power supply; however for sufficiently high solution conductivities (> 1 µS/cm), the surface of the bath and the wire were both observed to be at the same potential as the external power supply. The applied potential was increased until jetting was observed from the individual droplets. As the charged jets travel towards the ground electrode, the solvent evaporates, resulting in solid fibers. When the charged fibers contact the ground electrode, they displace the free charge on the grounded surface, resulting in an electric current flow. The current was assumed to be ohmic and was determined by measuring the voltage drop across a 1 MΩ resistor with a Keithley 2000 multimeter. The threshold for corona discharge from a wire electrode is predicted approximately by Peek's law for concentric cylinders [44] :
Accepted for publication in Chemical Engineering Journal, Dec 2011 where E C is the electric field for onset of corona discharge, A and B are constants that depend on the temperature, pressure and nature of the surrounding medium, and r is the radius of curvature of the electrode. For atmospheric air at standard temperature and pressure, A and B are 31 kV/cm and 0.308 cm 1/2 , respectively, resulting in a threshold for corona discharge of 126 kV/cm (12.6 MV/m) at the wire. Applied potentials less than 35 kV were used throughout this study to avoid corona discharge.
Because the solution bath was open to the atmosphere during electrospinning, some solvent evaporation ("solution aging") occurs over time. Electrospinning experiments were limited to 10 minutes duration to minimize the impact of solution aging on the results. The applied potential and rotation rate were the primary operating parameters varied during the electrospinning experiments. A single solution of 30 wt% 55kDa PVP in ethanol was used in all studies here. The mass of the nonwoven mat on the collector was measured after each experiment to determine the productivity of the system.
Electric Field around the Wire Electrode
A MATLAB routine was developed to calculate the static electric field around a cylinder (the wire) between two charged, finite-sized planes (the solution bath and the ground electrode), in the absence of liquid jets. First, the electric field for the finite parallel plate configuration without cylinder was solved using the following equations and boundary conditions:
where w is the width of the charged liquid bath and d B is the distance from the charged liquid bath (at potential +V appl ) to the grounded collector plate. An image plate (at potential -V appl ) was
Accepted for publication in Chemical Engineering Journal, Dec 2011 set up symmetrically around the y=0 plane to create the isopotential at the grounded collection plate. The resulting electric field E(x,y) was then used as the initial guess in order to solve for the potential and electric field due to the wire, using the following equations:
with boundary conditions
where V Appl is the potential applied to the liquid bath, λ C is the linear charge density on the wire, 
Results & Discussion
Liquid Entrainment
We first studied entrainment of a Newtonian liquid on a wire, oriented with its axis parallel to the liquid surface as the wire passes through the liquid surface, using two mineral oils.
To our surprise, we did not find any previous reports that measured liquid entrainment in this configuration. The number and volume of oil droplets on the wire were measured for different rotation rates of the spindle, and the thickness of the entrained liquid film on the wire was calculated using eq 5. Fig. 7a shows the thickness of the annular liquid film entrained on the wire, normalized by the radius of the wire, versus the capillary number, for the two mineral oils. The liquid entrainment for the polymer solutions is slightly lower at low capillary numbers (low viscosity and low rotation rates), which may be due to viscoelastic forces during the draining and rupturing of the film after the wire has moved though the interface. The polymeric solutions are shear-thinning solutions; as the draining increases in length, the shear rate increases and the liquid may eventually become less viscous. This may account for the lower entrainment of the polymer solution compared to the mineral oil.
Droplet break-up in the absence of an electric field
From the measured center-to-center distance between droplets, λ, and the calculated radius of the surface of the liquid film on the wire (a o =z+r) obtained using Eq 5 for z, values of the wavelength parameter (2πa o /λ) were found to be 0.50 ± 0.004 for both the mineral oils and the 1.3 MDa PVP solutions, and 0.48 ±0.02 for the 55kDa PVP solutions. Here, the subscript on a 0 indicates the radius obtained in the absence of an applied electric field. As the liquid entrainment increases, the center-to-center distance between droplets increases proportionally, in accord with theory. However, these values are significantly smaller than the limiting value of 0.69, predicted by Rayleigh [28] , Tomotika [29] and Goren [27] for Newtonian liquids. In accord with Goren's analysis, the droplet break up appears to be weakly dependent on Ohnesorge number (Table 1) . Similar behavior has been observed in studies of electrowetting in microfluidic devices [45] . 
Electrospinning and Jet Initiation
In the presence of an electric field between the charged liquid and the grounded collection plate, the droplets change from the symmetrical "barrel"-shape to a conical shape that sits asymmetrically on the charged wire in the direction of the applied field, as shown in Fig. 9 .
As the wire spindle rotates, the distance between the wire electrode, decorated with liquid droplets, and the ground electrode decreases, resulting in an increase in the local electric field at the wire. The increase in electrical stresses leads to formation of a cone-jet of charged solution that travels downfield (upward in Fig. 9 ) to the grounded plate. Jetting was observed to initiate at for the 30wt% PVP/ethanol solution [9] . However, the model of Lukas et al assumes a perfectly conducting liquid, whereas real polymeric liquids like the solution of 30wt% PVP in ethanol have finite conductivity and are better described as "leaky dielectrics". Further work is required to understand the effects of liquid properties on the critical electric field for a given solution. Using rotation rate, time can be converted to angular position of the wire relative to that of jet initiation; knowing the angular position of jet initiation, φ I , determined by videography (Fig. 10) , the current versus absolute angular position of the wire is plotted, as shown in Fig. 12 . In general, as illustrated by Fig. 12(b) , the angular range of jetting was observed to increase slowly at low rotation rates, and then to saturate at high rotation rates. For example, at V appl =30kV, the angular range increased with rotation rate to a value of about 148° at 7.1 rpm, corresponding to the full range of angles (from 16° to 164°) in which the electric field conditions for jetting (E w >34 kV/cm) are satisfied. For rotation rates < 7.1 rpm, the electrical current fell back to zero before the wire had traveled to an angular position of 164 o , or 16 o above the horizon. Examination of the wire at this point confirmed that all of the liquid droplets had been converted to jets. This behavior represents the case where productivity is limited by the amount of liquid entrained on the wire: the entrained liquid was completely jetted off the wire electrode.
We refer to this operating regime as "entrainment-limited". For rotation rates > 7.1 rpm, the electric current was observed to persist until the wire reached an angular position of 164°, at which point it ceased. Once the wire passed the 164 o position, the electric field was not sufficient to sustain jetting, causing the current signal to return to zero. At this point, residual liquid on the wire was confirmed visually. At high rotation rates, the current signal appeared to be symmetrical, in accordance with the previously noted symmetry of the apparatus. This behavior represents the case where electrospinning is limited by the electric field, which we refer to as the "field-limited" regime. 
Lifetime of a Single Jet and Distance between Jets
It is worth noting that, in general, the numerous droplets on the wire do not jet simultaneously, nor do they jet one at a time. To understand the distribution of jetting along the arc of rotation of the wire, jets from individual droplets were examined. For this purpose, the wire was covered with insulating tape so that ~1 cm of the bare wire remained exposed. This length allows for 4-5 droplets to form on the exposed portion of the wire. Using photography, current measurements were synchronized to measure the jetting of liquid from individual droplets; with such a short portion of exposed wire, no two droplets were observed to jet simultaneously. The current profile for jets initiated at different angular positions were observed to be relatively similar, so for subsequent analysis, it is assumed that this profile is a common feature of all the jets for a specific applied voltage. Fig. 13 shows the single jet current versus time, averaged over at least 10 jets, for an applied voltage of 30 kV and several rotation rates. The average single jet current profile was used to extract the distribution of jets as a function of the angular position of the wire. The current profile from a wire, i w (t), (shown in Fig.   12 ) can be expressed as a convolution of the single jet current profile, i s (t) (shown in Fig. 13 ) and a jet distribution function j(t) that describes the number of jets emitted from the droplets on the wire as the wire travels through its arc of rotation:
Given both i w (t) and i s (t) from current measurements as described above, j(t) can be obtained by standard deconvolution techniques (e.g. Matlab). 
nonzero over a finite time, 0 ≤ t ≤ b, as shown in Fig 14. This time window corresponds to the time when conditions are satisfied for jet initiation, namely, when both electric field is greater than the critical value (34 kV/cm in this instance, field limit) and there remains some entrained liquid on the wire (entrainment limit). The value of b can also be equated with the time of spinning for a single wire, t w , (Fig. 11) minus the lifetime of a single jet, t J (Fig. 13) . Deconvolution was performed using the Matlab deconv function, with a time step of 0.0246 sec.
In the case of 2.5 rpm, deconvolution was performed by spectral division, since the deconvoluted signal became unstable using the Matlab deconv function. After deconvolution, the signal j(t)
was noise filtered using a moving average of 5 data points, and converted to a linear density distribution by dividing by the length of the wire electrode (6.4 cm).
Once the linear jet density distribution function is determined, the total number of jets, n J , emitted from a single wire was calculated by integrated over the observed jetting time, b. 
where
. In addition, it is possible to rearrange Eq. 13 and Eq. 14 and solve for (E w ~ 34 kV/cm), which confirms the depletion of droplets during the rotation of the electrode.
However, at high rotation rates (i.e. where the electric field is limiting), the maximum number of concurrent jets occurs close to the apex and drops to zero at an angular position of 164°, which confirms that a sufficient number of droplets was created to maintain jetting over the largest permissible range of rotation. It is important to note that in Fig. 15 , the field-limited regime As discussed earlier (c.f. Section 2.4), the main driving force behind electrospinning is believed to be the surface charge repulsive forces, which in turn are determined primarily by the electric field. Using the results of the electric field modeling (Eq. 9), the linear density of concurrent jets (n C (ϕ)) was transformed from a function of angular position to a function of electric field. The results of this transformation are shown in Fig. 15b for both the approach to and retreat from the apex. Initially, the linear density of concurrent jets exhibits a common profile during approach to the apex, regardless of rotation rate. However, for low rotation rates (2.5 rpm in Fig 15b) the linear density of concurrent jets begins to deviate from the common behavior observed at high rotation rates; this behavior is indicative of the depletion of droplets as Accepted for publication in Chemical Engineering Journal, Dec 2011 the wire electrode rotates in the entrainment-limited regime, which is also reflected in a lower linear density of jets. At high rotation rates (8.8 rpm and above, where jetting is field-limited), the linear density of concurrent jets exhibits a nearly universal behavior as a function of electric field at the wire. This is similar to Lukas' model [9] and suggests that the linear density of jets (i.e λ j -1 in the parlance of Section 2.4) has a strong and universal dependence on the electric field.
The linear density of the jets for the solution of 30wt% 55kDa PVP in ethanol was calculated by fitting a second degree polynomial to the field-limited cases (8.8 rpm and 11.8 rpm)
, where E w is in units of kV/cm of wire.
( )
Productivity
Productivity is defined here as the total mass of fiber produced per unit time per unit length of electrode, and is readily measured as the rate of mass accumulated on the collector during an experiment. Each of the several steps that occur as part of the free surface electrospinning process described here, i.e. liquid entrainment, breakup into droplets of specified volume and spacing on the wire, and jet initiation/termination, potentially plays a role in setting the productivity of the process. The liquid entrainment step determines the maximum amount of liquid loaded onto a single wire. The Plateau-Rayleigh instability determines the spacing between droplets that form on the wire, which in turn fixes both the number and volume of droplets into which the entrained liquid film breaks up. The time during which jetting occurs is dependent on the operating parameters (applied potential and rotation rate) and system geometry.
To predict the productivity, it is clear from the preceding sections that we must consider two possible operating regimes. In the case of the entrainment-limited regime, productivity is Accepted for publication in Chemical Engineering Journal, Dec 2011 simply determined by the amount of liquid entrained on the electrode, obtained from eqs 5 and 10:
where C is the concentration of polymer, in mass per unit volume. Since productivity is expressed per unit length of wire, this relation holds equally well for a single wire of length l w or m wires of length l w /m, so long as the m wires are not close enough to interfere with each other.
In eq 17, it is assumed that the amount of liquid entrained on the wire does not vary with applied voltage.
In the case of the field-limited regime, productivity is determined by the number of jets that are emitted while the field strength at the wire exceeds the critical value. To determine this, the number of droplets that are converted to jets is estimated by application of Eqs. 5, 9, 10, 15 and 16, with the upper bound for jetting set at 180 o -φ I . For a particular system configuration and applied voltage, ϕ I can be estimated by the construction shown in Fig 10. Fig 12 shows that jetting only occurs when the electric field at the wire is greater than the critical electric field for jet initiation.
Here, we have again assumed that the amount of liquid entrained on the wire does not vary with applied voltage, but is only a function of capillary number. The center-to-center distance between droplets, λ, varies with applied voltage according to eq. 11. We have also estimated the average lifetime of a jet, t J , to be 1.2 seconds, based upon the results in Fig. 13 . For purposes of predicting productivity, we assume that this lifetime does not change significantly with applied voltage, since similar current profiles for single jets were observed at different angular positions
Accepted for publication in Chemical Engineering Journal, Dec 2011 (also, local electric field) of the wire, as discussed in connection with Fig 13. As was the case for P E , eq 19 for P F is valid for any number of wires, so long as the wires are not close enough to interfere with one another. decreases with increasing applied voltage. At the highest applied potential (35 kV), the measured productivity is greater than that predicted by P E in eq 17. This suggests that the total amount of liquid entrained increases with applied voltage, by an amount that cannot be independently determined using our symmetrical droplet analysis method. We speculate that this increase in entrainment occurs primarily due to a reduction in effective surface tension at high voltages due to the compensatory effect of repulsion between charges induced on the surface of the liquid. However, the electric field may also play a role, through the introduction of electrostatic forces that alter the draining of liquid from the wire as it exits the bath.
Quantification of these effects is a topic for future studies. Based on the observations of the system, it is desirable to operate the system at high potentials and high rotation rates to increase the productivity of the process. The angular of rotation for which the electric field at the wire exceeds the critical electric field increases, thus providing more time for the droplets to form jets at a given rotation rate. The productivity is increased at high rotation rates due to increased liquid entrainment. However, while higher rotation rates mean more liquid entrained on the wire, it also means less time for the droplets that form from this liquid to jet, so that above a certain rotation rate, the process again becomes fieldlimited. We suggest that, given a desired electric field for electrospinning, the rotation rate that signals the transition from entrainment-limited operation to field-limited operation may offer the best trade-off in terms of productivity, equipment cost and operational complexity.
Only a single wire diameter was investigated here. Nevertheless, the effect of varying wire diameter can be inferred from the correlations obtained. Based on equation 10, the volume of liquid entrained on the wire should increase with increasing wire diameter. According to equation 11, the subsequent Plateau-Rayleigh instability should result in fewer, larger droplets on the wire. However, increasing the wire diameter implies a decrease in the curvature of the wire, resulting in a decrease in the local electric field at the wire surface according to equation 8 and larger angular positions for jet initiation. Based on these trends, we would predict that productivity increase in the entrainment limited regime, but the onset of the field limited regime would occur at lower rotation rates.
Fiber Diameter and Morphology
Scanning electron microscopy was used to examine the fiber diameter and uniformity and to confirm the nonwoven nature of the electrospun mats. Figure 18 shows a typical micrograph.
Samples were sputtered with 30 nm of gold/palladium. The size distributions of electrospun Accepted for publication in Chemical Engineering Journal, Dec 2011 fibers were determined by measuring at least 100 fiber diameters with ImageJ software. Table 2 shows the means and standard derivations of the electrospun fiber diameters from a solution of 30wt% 55 kDa PVP in EtOH processed with different spindle rotation rates and applied voltages.
These size distributions are typical for the PVP/EtOH electrospun materials. Changes in these process parameters had little effect on the fiber diameters or distributions. The fibers were observed to by uniform in all cases, and no deviation from the usual, randomly oriented nonwoven morphology was noted. The electric field in the absence of jetting was determined analytically for the current equipment configuration and used as an aid to interpret the experimental results. From this it was found that there exists a critical electric field strength at the wire that defines the angular range for jetting. In the case of 30wt% PVP (55 kDa) in ethanol, the critical electric field for jet initiation was determined to be approximately 34 kV/cm. This result paves the way for future work to understand how the critical electric field for jetting depends on fluid properties. Our analysis reveals two limiting regimes for productivity. In the first regime, productivity is limited by the amount of liquid entrained on the wire. The second regime occurs with high spindle rotation rate and low applied potential, in which productivity is limited by the angular range, and hence time span, over which jetting occurs. Unlike conventional electrospinnning, the productivity of free surface electrospinning is not controlled by the flow rate from a pump. It is our hope that the analysis presented here provides a framework for understanding how productivity can be characterized and optimized as a function of equipment geometry, fluid properties and applied voltage in the case of free surface electrospinning from a wire.
